median treatment interval was significantly shorter as the stage progressed (p < 0.01). TACE was most frequently performed for RPRTs; the median number of subsequent TACE was 3 (range 1-19). Subsequent treatment array was very heterogeneous, and no certain pattern was found. Conclusions Our findings suggest that the survival outcome of patients with HCC is based on the results of cumulative multiple treatments rather than an initial treatment. It is time to consider prospective studies evaluating sequential treatment array of HCC.
Introduction
Hepatocellular carcinoma (HCC) is the sixth most frequent tumor worldwide, and the second most common cause of cancer-related death (Ferlay et al. 2015) . Surgical resection, liver transplantation, and loco-regional treatments including radiofrequency ablation (RFA) are recommended as curative treatments for HCC (Korean Liver Cancer StudyCancer 2012) . Globally, TACE is the most frequently used initial treatment for unresectable HCC (Ikai et al. 2005; Park et al. 2015; Takayasu et al. 2006) . Unfortunately, the outcome for patients with HCC treated with either curative or palliative modalities is not satisfactory. Such poor prognosis of HCC is partly due to tumor characteristics, which are referred to as frequent remaining, progressing, or recurring tumors (RPRT) after treatment (Kim et al. 2014) .
All guidelines and most treatment outcome studies have been established based only on the initial treatment modality (Korean Liver Cancer Study Group (KLCSG), National Cancer Center, Korea (NCC) 2015; Bruix and Sherman 2011; European Association for the Study of the Liver, European Organisation for Research and Treatment of Cancer 2012; Kudo et al. 2011) . However, HCC frequently recurs with a 5-year recurrence rate of 70% even after curative liver resection (Llovet 2005) . Therefore, in clinical practice most patients with HCC require subsequent treatments for RPRT. Appropriate subsequent treatment is just as important as initial treatment for improving patient survival in HCC. Unfortunately, there are no prospective studies on the best sequencing of treatment options for RPRT and even no longitudinal cohort study based on overall real-practice scenarios in patients with HCC. We, for the first time, investigated the patterns of all treatments provided to patients and outcomes of RPRTs in an HCC cohort from initial diagnosis to death at a single referral institution in South Korea.
By evaluating the results of cumulative treatments in the real-world management, healthcare providers can recognize the limited effects of single treatment and the meaning of initial treatment-based survival outcome in patients with HCC, and could improve the design of clinical trials and therapeutic strategies.
Materials and methods

Data source
The National Cancer Center, Korea launched a cohort as of January 2004 in an attempt to carry out research on patients receiving an initial diagnosis and treatment of HCC at the institution (Kwak et al. 2014 ). The initial treatment was applied to most patients according to Korean guidelines (Korean Liver Cancer Study Group (KLCSG), National Cancer Center, Korea (NCC) 2015). Imposing a cut-off of December 31, 2009 December 31, , 1972 patients were identified prospectively and their relevant data were extracted retrospectively from medical records (Fig. 1) .
Of these patients, 285 were not enrolled based on the exclusion criteria: (1) no treatment other than best supportive care or palliative pain control radiotherapy to metastases outside the liver (182 patients) and (2) inability to evaluate tumor response to first treatment (103 patients). As a result, the study enrolled 1687 patients, 1357 of whom experienced RPRT in the follow-up period. On each confirmed RPRT occurrence, the interdisciplinary team provided patients with the next line treatment as appropriate, taking into account a range of factors, including the number and size of lesions, invasion to major vascular or biliary structures, and whether disease was confined to the liver or metastatic, residual liver function, and comorbidities. Information with respect to treatment was collected beginning with the diagnosis of HCC, including sequence of treatments, modality of treatment, and dates of treatment initiation and completion in case of cytotoxic chemotherapy or sorafenib (hereafter systemic chemotherapy). In case of combined-modality treatments, e.g., TACE + radiotherapy, each was counted individually.
Clinical outcomes were also analyzed, including date of death and dates of any clinically diagnosed RPRT Fig. 1 Flow chart of the study scheme. HCC hepatocellular carcinoma, NCC National Cancer Center, Korea based on imaging studies, including change in lesion size and radiocontrast media enhancement, appearance of new lesions, or symptomatology. Patients were grouped on the basis of their initial treatment. The array of treatments was sequenced for every single patient who developed RPRT and the all-sequenced data were analyzed to gain detailed insight into the nature of treatment complexity. The institutional review board of the National Cancer Center, Korea approved this study (NCC2016-029), which complied with the International Ethical Guidelines for Biomedical Research Involving Human Subjects, Good Clinical Practice Guidelines, the Declaration of Helsinki, and local rules and regulations.
Statistical analysis
Descriptive statistics were used to present demographic and clinical characteristics. To compare groups, the oneway ANOVA test, Mann-Whitney U test, or Kruskal-Wallis test were used as appropriate. Kaplan-Meier curves for time to an event were constructed and compared with the use of the log-rank test regarding overall survival. All data were analyzed using STATA. A p value less than 0.05 was considered statistically significant in all analyses.
Results
Patient characteristics
For the enrolled 1687 patients, follow-up visits no later than December 31, 2012 were considered the end of observation. Median follow-up duration was 20.4 months (Fig. 1) . 
Frequency and interval of treatment
Out of 1687 patients, 1357 patients (80.4%) showed PRRTs during the observation period (Fig. 1) . Regarding the initial treatment, TACE was performed for 1089 patients (64.6%), followed by surgical resection (n = 367, 21.8%), systemic chemotherapy (n = 77, 4.6%), radiotherapy (n = 71, 4.2%), RFA/percutaneous ethanol injection (PEI) (n = 52, 3.1%), and transplantation (n = 31, 1.8%). In patients who showed RPRTs, median treatment frequency (mTF) was 3.0 times (range 1-20) and 382 patients (27.3%) received six or more treatments; a six of treatment frequency correspond three-quantile. The mTF was statistically different based on four factors (p < 0.05): age, tumor stage (BCLC, and mUICC), and tumor type, and initial treatment modality (p < 0.01) ( Table 2) . Patients with ill-defined type HCC survived shorter and less frequent treatment. Patients aged above 60 years, BCLC stage B, mUICC stage II or III, or with well-defined HCC had a greater number of subsequent treatments; patients with BCLC stage 0 or mUICC stage I received less frequent treatments.
As the BCLC stage progressed from 0 to B, the median survival time was shortened and mTF increased; however, stage C had a shorter survival time and fewer treatments than other stages. Patients who underwent resection as an initial treatment showed longer survival, but had mTF four times. In addition, patients with wellpreserved liver function as Child-Pugh class A tended to receive more treatments in comparison to patients with poor liver function of Child-Pugh class B and C, although this was not statistically significant (p = 0.09). We evaluated the interval between treatments according to the initial modality and tumor stage (Table 3) . Initial treatment with RFA was associated with the longest median treatment interval (mTI) at 19.0 weeks, followed by resection at 14.1 weeks. With both BCLC and mUICC stages, the mTI was significantly shorter as the stage progressed (p < 0.01).
All-treatment array
We examined all-treatment array according to each treatment modality as the initial treatment. In case of surgical resection as the initial treatment (Fig. 2) , 202 out of 367 patients (55%) experienced RPRT during the observation period and required a second treatment, the highest proportion of which was TACE (66%) followed by systemic chemotherapy (15%), local ablation (11%), external beam radiation therapy (EBRT) (6.4%), and resection (2.3%). One hundred thirty-seven out of 367 patients (37.3%) had a third treatment after initial surgical resection, and TACE was performed most often in 86 patients (62.8%). The median number of subsequent TACE sessions after resection was 3 (range 1-14) (Table 4) . Of the 1089 patients who received TACE as initial treatment, 977 patients (90%) needed a second treatment for RPRT (Fig. 3a) . Treatment array after initial TACE is demonstrated in Figs. 3a, b and 4a, b. As the second treatment after initial TACE, TACE, EBRT, systemic chemotherapy, surgical resection, and local ablation were performed in 69, 14, 11, 3, and 2.6% of patients, respectively. The majority of patients who experienced RPRT after a second treatment required a third treatment; TACE, EBRT, systemic chemotherapy including sorafenib, local ablation, and liver transplantation was performed in 78, 11, 8, 2, and 1%, respectively, as the third treatment (Fig. 3a, b) . The median number of subsequent TACE sessions after initial TACE was 3 (range 1-19). One patient with BCLC stage C, treated initially with TACE, was managed with 19 additional TACE sessions in succession while surviving 71.9 months (Fig. 4a, b ; Table 4) .
Out of 52 patients managed with initial local ablation (RFA/PEI), 31 patients (60%) experienced RPRT and 24 of them received a second treatment (Fig. 5a) . TACE was the most frequent intervention (62.5%) as the second treatment to control RPRT, followed by local ablation (20.8%), surgical resection (8.3%), systemic chemotherapy (4.2%), and EBRT (4.2%). Thirty-one patients received liver transplantation as the initial treatment (Fig. 5b) . Ten patients (32.3%) developed RPRT during the observation period; three were treated with TACE, two with systemic chemotherapy, two with local ablation, and one with EBRT as the second treatment.
Out of 77 patients managed with systemic chemotherapy as the initial treatment, 72 patients (93.5%) experienced RPRT; 28 patients (38.9%) received a second treatment and 15 patients (20.8%) received a third treatment (Fig. 6a) . One patient received an additional 10 sessions of TACE after initial systemic chemotherapy (Table 4) . Seventy-one patients received EBRT as the initial treatment (Fig. 6b) . Sixty-five patients (91.5%) showed RPRTs; 45 patients (63.4%) had a second treatment and 28 patients (39.4%) had a third treatment.
TACE was the most commonly used therapy for RPRT after all initial treatment methods. Analysis of the frequency of TACE after the initial treatment showed that the mTF with TACE was 3 (range 1-19) (Table 4) . Even in patients who received systemic chemotherapy as initial treatment, 14 patients (19.4%) had a median of 2 TACE sessions (range 1-10).
Discussion
This study clearly demonstrates that most patients with HCC receive multiple treatments from diagnosis to death and the treatment array is very heterogeneous. After the first report of a second treatment in a global observation study (Park et al. 2015) , information on the treatment patterns in patients with HCC remained poorly understood. In this cohort, 80.4% of patients received second or further treatments to control RPRTs; the mTF was 3.0 (range 1-20) during a median follow-up of 20.4 months ( Table 2 ). This cohort study was performed at a referral center (Kwak et al. 2014) , and so, there were a large number of patients with BCLC stage C, who had less frequent treatments and shorter survival time than patients with BCLC stage 0-B. The patients who received more treatment sessions showed a tendency toward longer survival (data not shown); however, this study was observational and so the frequency of treatments seems to only suggest that the patients had a medical condition that could be treated. However, patients with BCLC stage 0 had the longest survival period, but the mTF was the smallest and mTI was the longest (Tables 1,  2, 3) . As stage progressed, the survival period decreased and the treatment frequency increased; patients with BCLC stage B had the highest number of treatments. However, (Cheng et al. 2002) . This study seems to support a rapid exponential growth. Both tumoral and extratumoral factors determine the growth rate and biological aggressiveness of HCC (Trevisani et al. 2008) . The ill-defined type HCC, recognized to have a poor prognosis (Demirjian et al. 2011) , was associated with the shortest survival time and the fewest number of treatments; in multivariate analysis, tumor type appeared to be the most potent, but no statistical significance was found ( Table 2) . Analysis of the treatment interval also supports the assumption concerning accelerated tumor progression. That is, as stage progresses, the treatment interval becomes significantly shorter (Table 3) . As the BCLC stage progressed from 0 to C, the mTI decreased from 21.7 to 8.0 weeks. Because this cohort was collected from a single institution and treatment followed the Korean guidelines (Korean Liver Cancer Study Group (KLCSG), National Cancer Center, Korea (NCC) 2015), most patients were followed-up relatively regularly; the follow-up period was 1-2 months after the initial treatment, 2-4 months without RPRT, and 6 months after complete remission for 2 years. The difference in the treatment interval associated with the initial treatment method seems to be due to differences in disease stage at initial treatment (Table 3) .
Subsequent treatment array was very heterogeneous, and this observational study could not suggest a certain pattern of subsequent treatment; a descriptive array was observed (Figs. 2, 3, 4, 5, 6 ). Widely heterogeneous RPRTs and the lack of evidence-based guidelines for subsequent treatment are causes for these various treatments arrays. In general, second and subsequent treatments are suggested to be based on initial treatment guidelines (Bruix and Sherman 2011;  European Association for the Study of the Liver, European Organisation for Research and Treatment of Cancer 2012), but this lacks solid evidence. Prospective controlled studies are needed to guide subsequent treatment. Recently, a prognostic prediction model for second treatment outcome has been proposed (Choi et al. 2016 ) and will be useful for further study.
Similar to results from a global observational study (Park et al. 2015) , TACE was the most common initial treatment (n = 1089, 64.6%) in our population, followed by surgical resection (n = 367, 21.8%). TACE is also the most commonly used second therapy for RPRTs after initial treatment of all methods; the proportion of TACE as second treatment was 66, 69, and 62.5% after initial resection, TACE, and RFA/PEI, respectively. The mTF with TACE was 3 (range 1-19) (Table 4) . In this cohort, all TACE was performed on demand. Repeated administration of TACE may mean TACE failure or refractoriness, and other alternative treatments such as sorafenib may be necessary. Recently, there have been studies and reviews of TACE failure/refractoriness (Cheng et al. 2014; Kim et al. 2012; Kudo et al. 2014b; Yamanaka et al. 2012 ), but there is still no global consensus on the definition of TACE failure/refractoriness. In the Western world, a second TACE treatment is not recommended if there is a decrease in hepatic function after the first TACE (Hucke et al. 2014) . However, in Asia including Korea or Japan, where TACE is performed with a superselection technique, significant deterioration of hepatic function after TACE is rare (Chung et al. 2011; Kudo et al. 2014a; Takayasu et al. 2006 ). Therefore, TACE could be applied repeatedly for the treatment of RPRTs if there is no stage progression. Some patients may be treated with TACE even if stage progression occurs (Chung et al. 2011) .
In this cohort, RFA cases were relatively rare because National Insurance reimbursement was not feasible at that time. Recently, the number of cases of RFA as the initial treatment has been rapidly increasing after an insurance policy change. Transplantation as an initial treatment is also relatively rare in this cohort. In Korea, liver transplantation may not be acceptable to patients as an initial treatment because most cases are living-donor transplantation, which is provided by the family (Chen et al. 2013; Lee et al. 2016) . After systemic chemotherapy including Table 4 The number of patients according to frequency of TACE sessions after each first treatment modality in patients with RPRTs (n = 1357) RPRTs recurring, progressing, or remaining tumors, RFA radiation frequency ablation, PEI percutaneous ethanol injection, TACE transarterial chemoembolization, EBRT external beam radiation therapy sorafenib, most patients have experienced RPRT and most have several subsequent treatments with other cytotoxic chemotherapy agents or TACE; about 40 and 20% of patients received a second and a third treatment, respectively ( Fig. 6a ; Table 4 ). In the recent cohort under construction, changes in the era of sorafenib are noted concerning systemic chemotherapy. Now that regorafenib has succeeded as a second-line treatment after sorafenib (Bruix et al. 2017 ), a major change in the subsequent treatment pattern is expected.
Although this study has certain limitations in that it is a practice-based observational study with wide heterogeneity of RPRTs, our findings provide the novel insight that the outcome of HCC is a result of cumulative multiple treatments. Our results provide a key cornerstone to discuss what the primary goal of treatment in HCC should be. The Panel of Experts in HCC-Design Clinical Trials recommend that the primary endpoint for phase 3 studies that assess primary HCC treatment is survival and clinical trials of locoregional therapies should report a time-to-local recurrence endpoint (Llovet et al. 2008) . As seen in this study, timeto-local recurrence, or recurrence-free survival rather than overall survival seems to be more meaningful in the efficacy evaluation of local treatment, if we recognize that in realworld clinical practice, multiple subsequent treatments are provided after the initial local treatment. Even in patients managed with initial systemic chemotherapy, a part of patients received multiple subsequent treatments. It is time to actively consider prospective studies evaluating sequential and/or combination treatment of HCC. 
